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Abstract 
 
We propose a critical analysis of the moment tensor solutions of the major seismic 
events that affected northern Italy in 2012. Inverting full waveforms at regional 
distance using the non-linear method named INPAR, we investigate period dependent 
resolution that affects in particular the solutions of shallow events. This is mainly due 
to the poor resolution of Mzx and Mzy components of the seismic tensor when 
inverting signals whose wavelengths significantly exceed the source depth. As a 
consequence, instability affects both source depth and fault plane solution retrieval, 
and spurious large Compensated Linear Vector Dipole components arise. The 
inversion performed at cutoff periods shorter than 20 s reveals in many cases different 
details of the rupture process, that are not resolved inverting at longer cutoff periods. 
Thus we conclude that inversion of full waveforms at cutoff period as short as 
possible should be preferred. 
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Introduction 
 
In the critical analysis of the moment tensor solutions of the recent seismic sequence 
in Emilia-Romagna, retrieved by the non-linear method named INPAR (Šílený et al., 
1992), the reliability of each solution is discussed in terms of accuracy of source time 
function (STF), percentage of Compensated Linear Vector Dipole (CLVD) 
component and statistical significance of the retrieved mechanism. The theoretical 
and practical limits of linear moment tensor retrieval from both body waves 
(Dufumier, 1996) and surface waves spectra (Dufumier and Cara, 1995) have been 
widely discussed, in particular for very shallow earthquakes, suggesting to use full 
waveforms at regional distance for moment tensor inversion. Reduction to zero of the 
isotropic component does not ensure stable solutions, since it does not affect off-
diagonals elements Mzx and Mzy. The poor resolution of these elements, which excite 
Green functions vanishing at the free surface, causes instability in moment tensor 
solutions for crustal earthquakes whose source depth is significantly exceeded by the 
dominant wavelengths of data used in the inversion. As a consequence spurious large 
CLVD components arise and pairs of solutions with nodal planes showing a 180° 
rotation around the vertical axis (i.e. ! = ! + 180°, where ! is strike angle) are 
possible, as shown analytically by Henry et al. (2002). The less well determined the 
Mzx and Mzy components are, the more likely is the existence of a pair of well-fitting 
solutions. The conditions for the existence of such a pair are more likely satisfied 
when dealing with earthquakes close to vertical strike-slip or near-dip-slip 
mechanism, whose nodal plane dips ∼ 45°. Similar conclusions are reached by 
Bukchin (2006), who proves that the focal mechanism of a seismic source can be 
uniquely determined from records of surface waves with lengths significantly 
exceeding the source depth only if the dip angle of one of its nodal planes is 
sufficiently small. 
The real meaning of the retrieved CLVD component is still debated, since it can be 
even an artifact of the inversion arising from both sparse distribution of stations and 
inaccurate Earth models (Panza and Saraò, 2000; Henry et al., 2002). The occurrence 
of sub events with different pure double-couple mechanisms very close in time  may 
lead to the retrieval of a relatively large CLVD component (Guidarelli and Panza, 
2007). In this case, different intervals of the source time function can be separately 
investigated in order to assess how the rupture mechanism changes in time. 
 
Methodology 
 
The INPAR non-linear method for the inversion of moment tensor, developed at the 
Department of Mathematics and Geosciences of the University of Trieste, adopts a 
point-source approximation. It uses only the dominant part of complete waveforms 
from events at regional distances (up to 2500 km), thus it maximizes the signal-to-
noise ratio. It is particularly suitable in determining shallow event's solutions, due to 
the possible use of relatively short periods (as short as 10 s). It consists of two steps: 
in the first, linear, step of the inversion the time functions describing the development 
in time of the individual components of the moment tensor, namely the moment 
tensor rate functions (MTRFs), are introduced. Using Einstein summation notation, 
the kth component of displacement at the surface is the convolution product of the 
MTRFs and the Green’s function spatial derivatives (hereafter Green's functions): 
 
uk (t) = !Mij (t)"Gki, j (t)     (1) 
 
The moment rate functions are obtained by deconvolution of the Green's functions 
from the data. Using the modal-summation technique (Panza, 1985; Florsch et al., 
1991; Panza et al., 2000), the synthetic Green's functions are computed at each grid 
point of a model space defined by a pre-assigned range of possible hypocentral 
coordinates, and, by interpolation, in the intermediate points, since a bad location of 
the focus may strongly affect the result of the inversion. The hypocentral location is 
searched until the difference between synthetic and observed seismograms is 
minimized.  Considering the MTRFs as independent functions in the first step leads to 
an over-parameterization of the problem which is advantageous for absorbing poor 
modeling of the structure (Kravanja et al. 1999a). In the non-linear step, the 
mechanism and the source time function are obtained after factorization of the 
MTRFs in a time constant moment tensor mij and a common source time function f(t): 
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routinely assuming the same time dependence for all moment tensor components, i.e. 
a rupture mechanism constant in time, thus we consider the MTRFs as linearly 
dependent, taking only their coherent part. The predicted MTRFs are then matched to 
the observed MTRFs obtained as output of the first step (Panza and Saraò, 2000). 
The final solution, obtained by means of a genetic algorithm that allows the estimate 
of the confidence areas for the different source parameters as well (Šílený, 1998) is 
consistent with P-wave polarities.  
 
Results 
 
Comparison of the solutions. 
The major events (MW ≥ 4.8) that affected northern Italy since 25 January 2012, are 
relocated and their fault plane solution is retrieved, using broadband stations from 
MEDNET, French, Swiss and Italian Seismic Networks.  
The events are chronologically numbered and their source parameters are listed in 
Table 1. The fault plane solutions retrieved by INPAR, reduced to best double couple, 
are shown in Figure 1a, compared to TDMT solutions (Fig. 1b, Dreger and 
Helmberger, 1993), RCMT (Fig. 1c, Pondrelli et al., 2006), both retrieved by the 
Istituto Nazionale di Geofisica e Vulcanologia (INGV), and CMT-Harvard solutions 
(Fig. 1d, Dziewonski et al., 1981). 
In Figure 1e are shown, for each event, the fault plane solutions and their confidence 
areas, obtained by INPAR. In order to test the effect of the signals period content on 
the stability of solutions, the inversion is performed considering cutoff periods 
varying from 10 to 30 s. In the rightmost column the TDMT solution is shown for 
comparison. For each event relevant parameters such as source depth, percentage of 
CLVD and cutoff period are shown. 
 
Figure 1. Fault plane solutions (best double couple) determined by: a) INPAR, inverting at 10-15 s 
cutoff period (details in Table 1); b) TDMT-INGV (20 s cutoff period); c) RCMT (30-40 s cutoff 
period); d) CMT (40-50 s cutoff period). The beachballs are scaled to magnitude. e) Fault plane 
solutions determined by INPAR inverting at different cut off periods, with their confidence areas. For 
each solution, source depth, percentage of CLVD and low pass gaussian filtering period are given. 
TDMT solutions are reported for comparison in the rightmost column, with the filling of the beachballs 
denoting the percentage of CLVD component. 
 
The solutions obtained by the inversion at the shortest period (Fig. 1e, first column) 
are in all cases preferable in terms of confidence areas, percentage of CLVD or both, 
with the exception of event 1. The most similar solutions between INPAR and results 
reported by other agencies are found inverting at longer period (Fig. 1e, third 
column), with the exception of event 1, possibly contaminated by high noise level. 
Solutions of the events 1, 3 and for 4 are quite in agreement also at shortest period, 
while event 5 shows a minor strike-slip component not reported by other agencies, 
that on account of the low percentage of CLVD seems to be reliable.  
Event 2, reported as an inverse mechanisms by other agencies, is retrieved by INPAR 
at the shortest period as a normal mechanism with a minor strike-slip component. 
Major differences both in source depth and in the fault plane solutions are found for 
events 6 to 8 (29 May main shock and aftershocks). INPAR locates these events at a 
depth ranging from 17 to 24 km and retrieves a significant strike-slip component, 
while other agencies report shallow and near to 45° dip-slip events, with the exception 
of event 8 which is reported as a low angle dip-slip both by TDMT and RCMT (Fig. 
1b,c). Performing INPAR inversion at longer periods, where the resolution is lost, the 
strike-slip behavior vanishes and the source depth becomes shallow for all three 
events. 
In the case of the event 3 and 4 a 180° rotation of ! around the vertical axis is 
observed in the longer periods INPAR inversion. This can be naturally explained by 
the poor resolution of Mzx and Mzy when dealing with shallow events. This poor 
resolution, as shown in Figure 2, gives rise to pairs of equally probable solutions that 
satisfy the transformation !  ⇒  ! + 180°  (Henry et al., 2002). The conditions for the 
existence of such a pair are even more likely satisfied by near-dip-slip earthquake 
mechanisms with nodal plane dipping ∼ 45°, as in the case of events 3 and 4. The 
effect of this instability tends to vanish at low (or high) dip angles, which threshold 
depends on source depth, structure of the medium and spectral content of the inverted 
signal, but can be generally estimated in 15-20° (Bukchin, 2006). 
 
 
 
Figure 2. Contour plot of the variance ratio for the March 25, 1998 Antarctic earthquake, at strike 96° 
or 276°, and for a range of dip and rake values, following the Aki and Richards (1980) convention. 
Points to the left of the vertical dashed line at the center of the figure have strike 96° and rakes 
corresponding to the left ordinate. Points to the right of the line have strike 276° and rakes 
corresponding to the right ordinate. The sample moment tensors from the mechanism space, clearly 
showing the pairs of solutions arising from the two-fold rotational symmetry of the misfit function, are 
superimposed (modified after Henry et al., 2002). 
 
 
N° Date 
(yy-m-dd) 
UTC Time 
(hh:mm:ss) 
Lon  
(°) 
Lat  
(°) 
Depth 
(km) 
strike 
(°) 
dip 
(°) 
rake 
(°) 
MW 
1 12-1-25 08:06:37 10.54±.1 44.85±.1 45±2 92 74 -94 5.4 
2 12-1-27 14:53:14 10.19±.1 44.38±.1 61±1 120 79 -117 5.5 
3 12-5-20 02:03:53 11.23±.1 45.00±.1 6±1 114 72 78 6.0 
4 12-5-20 03:02:50 11.34±.1 44.64±.1 2±1 128 54 89 5.2 
5 12-5-20 13:18:02 11.48±.1 44.65±.1 4±1 153 82 98 5.1 
6 12-5-29 07:00:03 11.21±.1 45.00±.3 24±14 107 26 158 5.7 
7 12-5-29 10:55:57 10.70±.1 44.94±.1 20±1 148 81 167 5.4 
8 12-6-03 19:20:43 11.10±.2 44.95±.1 17±1 269 75 -162 4.9 
 
Table 1. Source parameters of the events retrieved by INPAR inversion at the shortest period 
(preferred solution). 
 
Test on STFs and depth constrain. 
To assess the reliability of event's 6 solution, inversion constrained at shallow depths 
is performed (1-11 km, Fig. 3a). The STF exhibits two peaks and the mechanism 
solution presents a 43% of CLVD. If the STF is constrained to two sub-intervals, 0-3 
s and 3-6 s, the source depth retrieved remains shallow (8 km, quite in agreement with 
the 6 km retrieved by TDMT) but the still large percentage of CLVD for both 
solutions obtained considering two separated time intervals for the STFs (“split 
solutions”), is a strong indicator that the whole solution is unreliable. 
Similar results are shown for events 7 and 8 (Figs. 3b and 3c respectively): the double 
peaked STF is inverted considering two separated time intervals. In both cases the 
split solutions show percentage of CLVD larger than the whole one, and thus we 
consider the latter more reliable. Furthermore event 7 shows high instability, with 
varying source depth and mechanism changing from almost strike-slip to dip-slip 
between the two time intervals (Fig. 3b), while event 8 shows minor instability (Fig. 
3c). 
 
Figure 3. a) Top: STF and fault plane solution for event 6 inverted in the depth range 5-25 km. 
Bottom: results of the inversion of the same event with depth constrained to the range 1-11 km; the 
double peaked STF is split in two time intervals. The shallow solution seems not reliable due to large 
percentage of CLVD. b) results of the inversion of event 7 splitting STF in two time intervals. c) results 
of the inversion of event 8 splitting STF in two time intervals. For each solution source depth, 
percentage of CLVD and cutoff period are given. The STFs are normalized to unity. 
 
Conclusions 
 
This paper points out the differences in moment tensor solutions retrieved using 
signals with different period content. In particular, for shallow crustal earthquakes, 
instability in the determination of moment tensor solutions arises when signals with a 
cutoff period longer than 20 s are inverted. Such instability is mainly due to the poor 
resolution of tensor components Mzx and Mzy, which excite Green functions vanishing 
at free surface, and it affects both source depth and fault plane solution retrieval. In 
some cases pairs of equally probable solutions are observed, with a strike angle 
rotation of 180° around the vertical axis, in particular for near dip-slip events with dip 
angle ∼ 45°. Thus, in order to assess the reliable fault plane solutions the inversion of 
full waveforms at periods shorter than 20 s should be preferred.  
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